Introduction {#sec1}
============

Elastin is the protein that provides elasticity to many mammalian tissues, such as lungs,^[@ref1]−[@ref3]^ skin,^[@ref4]−[@ref6]^ and arteries.^[@ref4],[@ref7],[@ref8]^ Inside these tissues, elastin is present as elastic fibers formed by the self-assembly of the precursor protein tropoelastin (mature elastin fibers result from the enzymatic cross-linking of tropoelastin molecules). The properties of (tropo)elastin are intimately linked to its special structure, which consists of alternating hydrophilic and hydrophobic domains.^[@ref9]^ The hydrophilic domains are the regions where the cross-links occur while the hydrophobic domains turn out to play a crucial role in the self-assembly process. These hydrophobic regions consist of short stretches of amino-acid residues that are repeated many times and adopt a disordered conformation.^[@ref9]^ An example of such a repetitive sequence encountered in elastin is the pentapeptide repeat (Val-Pro-Gly-Val-Gly)~*n*~. Interestingly, synthetic polypeptides based on this repeating sequence, also known as elastin-like peptides (ELPs), can excellently mimic specific properties of elastin.^[@ref10]−[@ref12]^ For instance, solutions of ELPs display an inverse temperature transition around 37 °C: at low temperatures, the ELPs are highly soluble in water, but the ELP solution becomes milky due to the reversible aggregation of the ELP, when the temperature is increased above the transition temperature. This phenomenon, also referred to as coacervation, is thought to form the origin of the self-assembly of elastin. In addition to forming an excellent model system for studying the self-assembly of elastin, elastin-like peptides have attracted considerable research interest because of their application perspective in tissue engineering^[@ref13],[@ref14]^ and drug delivery.^[@ref15],[@ref16]^

The molecular mechanism underlying the inverse temperature transition of elastin-like peptides is not well understood. Pioneering work by Urry et al.^[@ref10],[@ref17]^ suggested that the coacervation may be due to the formation of a β-turn between the two valine residues within the pentapeptide repeat unit (i.e., around the Pro-Gly fragment). These researchers hypothesized that the formation of a high density of β-turns would force the disordered peptide conformation (observed below the transition temperature) into a conformation displaying a long-range order, termed a β-spiral.^[@ref18],[@ref19]^ However, the existence of the β-spiral remains highly speculative as molecular dynamics (MD) simulations indicate that this structure is not stable in water.^[@ref20],[@ref21]^ In the past, a variety of spectroscopic techniques, including infrared,^[@ref22]−[@ref24]^ Raman,^[@ref25],[@ref26]^ NMR,^[@ref17],[@ref27],[@ref28]^ and circular dichroism^[@ref10],[@ref11],[@ref24],[@ref29]^ spectroscopy, have been used to study the coacervation transition in ELPs. However, obtaining a detailed molecular picture of the coacervation mechanism has proven extremely difficult. The main challenge lies in the fact that ELPs populate a large ensemble of disordered conformations which, moreover, interconvert on very short time scales (down to nanoseconds).^[@ref30]^ Ultrafast spectroscopic methods are in principle well suited to characterize the disordered conformational ensemble of ELPs because they probe molecular structures on time scales short with respect to the interconversion time. Recently, Tokmakoff and co-workers used two-dimensional infrared (2DIR) spectroscopy in combination with computational methods to study the structure of a number of very short elastin-like peptides (i.e., consisting of a single repeat unit).^[@ref31],[@ref32]^ The authors found that the ELPs studied can indeed adopt a β-turn, but the β-turn turned out to be very labile, with the result that only a small fraction of the molecules adopt the β-turn. It should be noted that because of their short length, the ELPs in question did not exhibit a coacervation transition. As a result, the exact role of the β-turn in the coacervation transition of ELPs has yet to be resolved.

In this work, we use 2DIR spectroscopy to study the coacervation transition of ELPs. Our article is divided into two parts. The first part deals with a 450-residue ELP of the type (Val(1)-Pro(2)-Gly(3)-Xaa(4)-Gly(5))~*n*~. Here, Xaa represents a guest residue that can be any residue except proline. This ELP displays a sharp coacervation transition, and the transition temperature can be tuned by varying the hydrophobicity of the Xaa residue. We will specifically focus on spectroscopic observables that report on the local fluctuations experienced by the peptide, such as vibrational energy transfer rates and spectral diffusion rates. These observables provide information about the interaction of the peptide with its solvation shell, and we will study how this interaction changes as a function of temperature. In the second part of the article, we will draw a parallel between the behavior of this long ELP and that of a very short ELP, which is composed of the single pentapeptide repeat Val-Pro-Gly-Val-Gly. This latter ELP does not display a coacervation transition, but it serves as a good model system for studying the conformational flexibility of longer ELPs. In this case, we will modulate the interaction between this peptide and the solvent by adding the amphiphilic molecule trifluoroethanol (TFE) as a cosolvent. TFE is known to enhance secondary structural elements in peptides.^[@ref33],[@ref34]^ By comparing the effects of temperature and solvent composition on the ELPs studied, we gain insight into the mechanism of the coacervation transition.

Materials and Methods {#sec2}
=====================

Sample {#sec2.1}
------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} gives an overview of the chemical structure of elastin-like peptides and schematically illustrates the basic features observed in the infrared spectrum of this class of peptides. The two different elastin-like peptides studied in this work are referred to as ELP90 and ELP1. ELP90 is a 90-repeat elastin-like peptide described by the sequence (Val-Pro-Gly-Xaa-Gly)~90~, where the guest position Xaa is occupied by the residues Val, Leu, and Gly in a 5:2:3 ratio. ELP90 was synthesized using recombinant-protein expression as previously documented.^[@ref37],[@ref38]^ The peptide was purified using inverse transition cycling^[@ref39]^ and its purity was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. For the spectroscopic measurements, the peptide was dissolved in D~2~O (Cambridge Isotopes Laboratories, Inc.) at concentrations ranging from 10 to 60 mg/mL.

![Chemical structure of elastin-like peptides with a schematic illustration of their infrared spectrum (in D~2~O). The amide I′ groups are indicated by rectangles. The figure also shows the experimental linear infrared absorption spectrum of ELP90 at 298 K in the frequency region of the amide I vibrations. This spectrum contains two major contributions. The amide groups labeled 2--5 give rise to a broad absorption band with a maximum at 1650 cm^--1^ (blue), whereas the amide I′ mode of the Val(1) residue has its maximum absorption at 1615 cm^--1^ (orange). The lower frequency of the Val(1) residue follows from the fact that this amide group is a tertiary amide, whereas the other four amide groups are secondary amides.^[@ref31],[@ref35],[@ref36]^](jp-2018-05221b_0013){#fig1}

ELP1 stands for the single-repeat pentapeptide Ac-Val-Pro-Gly-Val-Gly-NH~2~. The peptide was custom-synthesized by GL Biochem (Shanghai, China). To remove residual trifluoroacetic acid, the peptide was dissolved in DCl and lyophilized before use.^[@ref40]^ The spectroscopic measurements were performed on solutions of ELP1 (25 mg/mL) in TFE/D~2~O mixtures (trifluoroethanol-d~3~, Sigma-Aldrich). In these experiments, the volume fraction of TFE was varied from 0 to 65%.

Linear Infrared Spectroscopy {#sec2.2}
----------------------------

All linear absorption measurements were performed using a Bruker Vertex 80v Fourier transform infrared (FTIR) spectrometer equipped with a liquid-nitrogen-cooled mercury--cadmium--telluride (MCT) detector. The spectra were recorded under a N~2~ atmosphere at a resolution of 2 cm^--1^. For every spectrum, 50 scans were averaged. In all measurements, a standard sample cell with a path length of 50 μm was used. The reported spectra were corrected for the absorption of the (TFE/D~2~O) solvent background. The temperature-dependent FTIR measurements on ELP90 were performed using a Peltier-cooled temperature cell (Mid-IR Falcon, Pike technologies). The temperature was ramped from 293 to 323 K at a rate of 0.4 K/min, and the spectra were acquired at intervals of 2 K. The background measurements on neat D~2~O were performed using the same ramping parameters.

Two-Dimensional Infrared Spectroscopy {#sec2.3}
-------------------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} displays a schematic representation of the experimental setup used to measure the 2DIR spectra. Our primary light source is a commercially available regenerative amplifier (Coherent, Legend Elite-USP-1k-HE+) generating 800 nm pulses with a duration of 35 fs and an energy of 5 mJ. The 800 nm pulses are split into 3 and 1 mJ pulses and fed into two commercial optical parametric amplifiers (OPAs; Light Conversion Ltd, TOPAS-Prime). The signal and idler outputs of the OPAs are difference-frequency mixed in AgGaS~2~ crystals to generate mid-infrared pulses centered at 1650 cm^--1^ (full width at half-maxima (FWHM) ∼ 250 cm^--1^, \<100 fs) with energies of 25 and 4 μJ. The polarization of the mid-infrared pulses is perpendicular to the plane of the laser table. The low-energy pulse is reflected off a ZnSe wedge to create probe (front reflection) and reference pulses (back reflection). The polarization of the probe pulses is rotated by 45° using a λ/2 plate, which allows us to perform polarization-resolved measurements.

![Experimental setup used for the 2DIR measurements. Abbreviations: MZI, Mach--Zehnder interferometer; BS, 50:50 beam splitter; PBS, polarizing beam splitter; PD, pyroelectric detector; Ch, chopper; PM, parabolic mirror; W, wedge.](jp-2018-05221b_0004){#fig2}

The 2DIR spectra are recorded in a pump--probe geometry.^[@ref41]^ In this scheme, one directly monitors the transmission change of the probe pulse induced by the pump pulse. For this purpose, a chopper wheel, synchronized to the laser system, is placed in the pump beam to block every other pump pulse. A pump--probe delay is introduced by guiding the probe beam over a computer-controlled mechanical delay stage. The reference pulses are used to correct for shot-to-shot fluctuations in the probe intensity. A gold parabolic mirror (*R* = 15 cm) is used to focus the pump, probe, and reference pulses onto the sample. The pump and probe foci are spatially overlapped inside the sample, whereas the reference focus is displaced by a few millimeters. Behind the sample, the three pulses are recollimated using a gold parabolic mirror identical to the one in front of the sample. After having interacted with the sample, the probe pulses are split into two perpendicularly polarized pulses (parallel and perpendicular to the polarization of the pump pulse), so that we can perform polarization-resolved measurements. The two probe beams and the reference beam are dispersed by a spectrometer, and they are simultaneously detected by a liquid-nitrogen-cooled mercury--cadmium--telluride (MCT, 3 × 32 pixel) detector.

In a 2DIR spectrum, the absorption change is presented as a function of both the pump and the probe frequency. The pump frequency is resolved by placing a Mach--Zehnder interferometer (MZI) into the pump beam. The interferometer creates a collinear pulse pair with a computer-controlled time delay *t*~1~ between the pulses. Pump--probe spectra are recorded for a range of *t*~1~ delays, and the data set is Fourier transformed along *t*~1~ to yield the 2DIR spectrum. The distance scanned by the interferometer is determined by simultaneously recording the interference pattern of a reference HeNe laser.^[@ref41]^ We precisely calibrate the zero point of the *t*~1~ delay by recording an interferogram of the pump pulse using a pyrodetector in the unbalanced arm of the interferometer. The *t*~1~ delay is varied up to 4 ps, resulting in a resolution of Δν~pump~ = 4.1 cm^--1^ along the excitation axis after Fourier transformation.

Artifacts originating from the interference of scattered pump light with the probe light on the detector are reduced by placing a wobbling ZnSe window under Brewster angle into the pump path.^[@ref42]^ All experiments are performed under an N~2~ atmosphere in a standard sample cell with a path length of 50 μm. The temperature of the ELP90 samples is kept at 296 and 318 K using a Peltier element with an active feedback look.

Molecular Dynamics Simulations {#sec2.4}
------------------------------

### Modeling {#sec2.4.1}

The pentapeptide ELP1 was modeled in two conformations, namely, an extended and a folded conformation. Modeling was done with the help of the Avogrado package.^[@ref43]^ For the folded structure, a hydrogen bond between the Val(1) and the Val(4) residues was induced. Both peptide conformations were solvated in a cubic box in two different solvents: (1) bulk water, giving rise to a box with dimensions of 3 × 3 × 3 nm^3^, and (2) TFE/water 60:40 \[v/v\], for which the box dimensions were 4 × 4 × 4 nm^3^. The charges used to describe the TFE molecule were adapted from ethanol, where the hydrogen atoms were replaced by fluorine atoms and the charges were changed accordingly. The interactions between the molecules were described with the OPLS-AA force field.^[@ref44]^

### Simulations {#sec2.4.2}

A constant pressure production simulation of 10 ns with a time step of 0.001 fs, at 1 bar and 300 K, was performed using the Gromacs-4.6.1 suite.^[@ref45]^ The pressure was kept constant with a Parrinello--Rahman barostat,^[@ref46]^ with τ~p~ = 0.2 ps^--1^, whereas a V-rescale thermostat,^[@ref47]^ with τ~p~ = 0.2 ps^--1^, was used to keep the temperature constant. The Lennard-Jones and Coulomb interactions were determined within a 1.1 nm cutoff.^[@ref48]^ The latter were treated using Particle Mesh Ewald,^[@ref49]^ with a grid spacing of 0.16 nm and a convergence criterion of 10^--1^. The bonds were constrained using the LINCS algorithm, and the atomic coordinates were stored every 10 fs.

### Spectral Calculations {#sec2.4.3}

The amide I time-dependent vibrational Hamiltonian was constructed from the snapshots stored from the MD simulation, and has the following formThe site frequencies are described by ω~*i*~, and the transition dipoles μ~*i*~, are calculated using electrostatic maps for the amide I mode. These maps relate the electrostatic environment generated by the force field point charges with the infrared frequencies of the dipoles. For this study, the Jansen map was chosen.^[@ref50]^ The short-range couplings were determined using the nearest-neighbor coupling,^[@ref35],[@ref51]^ which is a Ramachandran-angle-based mapping parameterized from the density functional theory calculations on dipeptides. The long-range couplings between the different amide I units were calculated using the transition-dipole-coupling model.^[@ref52]^ After generating the amide I time-dependent Hamiltonian, the spectra are analyzed by numerical integration of the Schrödinger equation^[@ref53],[@ref54]^ where an instantaneous interaction between the laser field and the system is assumed. This protocol has been demonstrated to yield good spectra for proteins.^[@ref55]^

Results {#sec3}
=======

Effect of Temperature on the Structural Dynamics of ELP90 {#sec3.1}
---------------------------------------------------------

### Linear Infrared Spectra {#sec3.1.1}

We characterize the temperature-induced collapse of ELP90 using conventional FTIR spectroscopy. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b displays linear infrared spectra of ELP90 recorded at a range of temperatures starting at ∼15 K below until ∼15 K above the transition temperature. The ELP90 spectrum clearly exhibits two maxima, as illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}: the maximum at 1615 cm^--1^ is attributed to the resonance of the amide I vibration of Val(1) and the maximum at 1650 cm^--1^ is attributed to the resonances of the amide I vibrations of the other four amide groups in the pentapeptide repeat. The redshift of the amide I vibration of Val(1) is caused by the fact that this is a tertiary amide as opposed to the others that are secondary amides.^[@ref31],[@ref35],[@ref36]^ Upon increasing the temperature, the peak absorbance at 1650 cm^--1^ decreases and a shoulder develops around 1675 cm^--1^. To quantify these spectral changes, we use a fitting procedure to deconvolute the ELP90 spectra into Gaussian bands ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). Three Gaussians are required to adequately describe the IR spectra at all temperatures. These Gaussian bands are centered at 1614, 1649, and 1676 cm^--1^ and have full widths at half-maxima (FWHM) of 24, 41, and 24 cm^--1^, respectively. This result implies that the absorption of the amide I vibrations of the four secondary amide groups of the pentapeptide is not a single broad resonance, but consists of two distinct absorption bands that show an opposite dependence on temperature. In the fitting procedure, only the amplitudes of the three bands are allowed to vary as a function of temperature (their center position and FWHM remain fixed). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the integrated intensity of these bands as a function of temperature. All bands show a sigmoidal dependence on temperature, with a transition point at 305 K. The sigmoidal temperature dependence clearly indicates that the temperature-induced aggregation is a two-state transition.

![(a) Linear infrared spectra of ELP90 in D~2~O (20 mg/mL) for temperatures between 296 and 317 K. The top panel illustrates the decomposition of the spectrum at 313 K (black squares) into three Gaussian bands (blue lines). The red solid line represents the sum of the three Gaussians. (b) Relative contributions of the three bands to the amide I′ spectrum of ELP90 as a function of temperature. The relative contribution is expressed as the integrated intensity of the respective band divided by the integrated intensity of the amide I′ spectrum.](jp-2018-05221b_0009){#fig3}

### Two-Dimensional Infrared Spectra {#sec3.1.2}

To gain more insight into the origin of the different bands observed in the linear infrared spectrum of ELP90, we performed 2DIR experiments. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} displays the (delay-dependent) 2DIR spectra of ELP90 recorded at temperatures below (296 K; left-hand side) and above (318 K; right-hand side) the transition temperature. We first consider the low-temperature 2DIR spectra. At short delays (0.3 ps), we observe a diagonally elongated lineshape, which indicates that the amide I′ spectrum is strongly inhomogeneously broadened. The 2DIR spectrum consists of a negative component on the diagonal, due to ground-state bleaching and stimulated emission of the 0 → 1 transition, and a positive component at lower probe frequencies, due to the induced absorption of the 1 → 2 transition. Contrary to the FTIR spectrum, the Val(1) band is observed in the 2DIR spectrum as a well-separated resonance at 1615 cm^--1^. The other two sub-bands constituting the amide I′ spectrum overlap and give rise to one broad resonance around 1650 cm^--1^. As the pump--probe delay is increased, two effects are observed. First, we see that cross-peaks appear between the Val(1) band and the band at 1650 cm^--1^. These ingrowing cross-peaks point at vibrational energy transfer between the Val(1) mode and the modes at 1650 cm^--1^. The appearance of cross-peaks on both sides of the diagonal demonstrates that both uphill and downhill energy transfer processes occur. The second effect observed with increasing pump--probe delay is the spectral reshaping of the band around 1650 cm^--1^: from a diagonally elongated lineshape at short delays to a round lineshape at long delays.

![Isotropic 2DIR spectra of ELP90 in D~2~O (20 mg/mL) at different pump--probe delays and for two different temperatures. Negative absorption changes are depicted in red and positive absorption changes in blue. The contour lines are drawn equally spaced at 12.5% increments.](jp-2018-05221b_0010){#fig4}

Next, we consider the changes that occur upon increasing the temperature above the transition point. For short delays (0.3 ps), we observe the appearance of a pronounced blue shoulder at ∼1675 cm^--1^. With increasing delay, we observe the same features as we observed at temperatures below the transition point: cross-peaks develop between the high-frequency band and the Val(1) band; also, the shape of the 1650 cm^--1^ band evolves from diagonally elongated to round.

### Relaxation and Exchange Dynamics {#sec3.1.3}

In the previous section, we have identified an exchange process between the band of the Val(1) residue and the two high-frequency modes at ∼1650 cm^--1^ and an exchange process between the two high-frequency modes (reshaping of the ∼1650 cm^--1^ band). We determine the time constants of these two exchange processes by fitting a relaxation model to our data. The relaxation model used is summarized in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The model describes the time-dependent populations of the three bands identified in the linear spectrum. These modes exchange population with each other and lose population through vibrational relaxation. The vibrational relaxation of the three modes proceeds via an intermediate state to a hot ground state. The hot ground state accounts for the fact that vibrational relaxation leads to a slight increase in the sample temperature, which, in turn, affects the amide I′ spectrum.^[@ref56],[@ref57]^ The intermediate state serves to describe the observation that sample heating is often slightly delayed with respect to the vibrational relaxation.^[@ref58]^ The time-dependent populations of the levels *n*~*i*~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) are governed by the following set of rate equations.We relate the uphill exchange rates to the downhill rates with the detailed-balance condition , where *k* is Boltzmann's constant, *T* is the absolute temperature, and Δ*E* is the energy difference between the two modes. To further reduce the number of fitting parameters, we assume that the exchange process with the Val(1) band is governed by a single time constant (that is, we set *k*~*ba*~ = *k~ca~*). We describe the experimental 2DIR signal at three specific pump frequencies, specifically at the center frequencies of the three modes identified in the linear spectra. The 2DIR signal for these frequencies is given byIn this expression, the indices *i* and *j* serve as mode labels, which run over the set {*a*, *b*, *c* }, ν~pr~ represents the probe frequency, and ν~pu~^(*i*)^ represents the center frequency of mode *i*. The transient spectrum associated with mode *j* is denoted as σ*~j~*(ν~pr~) and can be obtained from the 2DIR spectrum at zero pump--probe delay (it is given by Δα(ν~pu~^(*j*)^, ν~pr~, 0)). The heating spectrum σ~heat~^(*i*)^(ν~pr~) is obtained from the 2DIR spectrum at long delays (the dependence on mode index *i* amounts to a scaling factor due to the variation of the sample absorbance with the pump frequency). We note that *n*~*j*~^(*i*)^(*t*) represents the time-dependent population of mode *j* when pumping mode *i*, so that every pump frequency in the 2DIR spectrum is associated with a different set of time-dependent populations *n*~*j*~^(*i*)^(*t*). The initial conditions for the populations in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} depend on the pump frequency according towhere δ~*ij*~ is the Kronecker delta. Finally, we mention that the scaling factors *R*~*ij*~ are necessary to account for the different cross sections of the three modes. These 9 factors are not independent, and they can all be expressed in terms of the cross-section ratios of modes *a* to *b* and modes *a* to *c* (so that there are only two free parameters).

![Schematic representation of the model used to describe the exchange dynamics of the amide I′ vibrations of ELP90 in D~2~O. The amide I′ absorption band is described with three independent modes with central frequencies: *a* = 1613 cm^--1^, *b* = 1648 cm^--1^, and *c* = 1675 cm^--1^. Thick arrows denote independent time constants and thin arrows denote time constants that are derived from the independent constants using the equations on the right.](jp-2018-05221b_0002){#fig5}

The above model describes the time dependence of the 2DIR spectrum (at three specific pump frequencies) in terms of four time-independent spectra that are directly extracted from the 2DIR spectrum (three mode spectra and one heating spectrum) and eight fitting parameters (three relaxation rates *k*~*j*~, the heating rate *k*~h~, two independent exchange constants *k*~*cb*~ and *k*~*ba*~, and two independent scaling factors *R*~*ij*~). [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} displays the experimental 2DIR slices that were fitted with the model. Note that in this figure, the transient spectra have been normalized to emphasize the ingrowth of the cross peaks. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} summarizes the rate constants extracted from the fits at both temperatures. We see that the relaxation constants and the exchange rate *k*~*ba*~ do not show a significant variation with the aggregation state of the peptide. Only the exchange between the two high-frequency modes (*k*~*cb*~) shows a small but significant slowdown upon aggregation.

![Experimental 2DIR slices for ELP90 (20 mg/mL) in D~2~O below *T*~c~ (296 K, left-hand side) and above *T*~c~ (318 K, right-hand side). The pump frequencies are indicated by gray vertical bars and correspond to ν~pump~ = 1675, 1648, and 1615 cm^--1^. The transient spectra are normalized to the maximum bleach (top and middle plots) or the maximum ESA (bottom plots) to emphasize the cross-peak dynamics.](jp-2018-05221b_0001){#fig6}

###### Results of the Fitting of the Relaxation Model to the ELP90 2DIR Data[a](#t1fn1){ref-type="table-fn"}

  temperature \[K\]   *k*~*c*~ \[ps^--1^\]   *k*~*b*~ \[ps^--1^\]   *k*~*a*~ \[ps^--1^\]   *k*~*ba*~ \[ps^--1^\]   *k*~*cb*~ \[ps^--1^\]   *k*~SD~ \[ps^--1^\]
  ------------------- ---------------------- ---------------------- ---------------------- ----------------------- ----------------------- ---------------------
  296                 0.55 ± 0.01            0.71 ± 0.02            1.04 ± 0.03            0.18 ± 0.02             0.38 ± 0.01             0.09 ± 0.02
  318                 0.54 ± 0.03            0.71 ± 0.05            1.04 ± 0.03            0.18 ± 0.02             0.31 ± 0.03             0.06 ± 0.02

The rate constants reported are the result of averaging five independent measurement series per temperature. The errors give the standard deviation of the mean. The spectral diffusion rate constants *k*~SD~ are also listed. These are obtained by fitting the inverse nodal line slopes (INLSs) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) to a monoexponential function.

### Spectral Diffusion of the Val(1) Resonance {#sec3.1.4}

The 2DIR spectra in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} show that the Val(1) resonance (1615 cm^--1^) is essentially decoupled from the rest of amide I′ band of ELP90. This resonance therefore reports on the local fluctuations experienced by the Val(1) residue. At short delays (0.3 ps), we see that the Val(1) resonance shows a pronounced diagonal elongation, which points to a strong inhomogeneous broadening of the resonance. It is interesting to consider how fast this inhomogeneity decays over time because the decay constant reflects the degree of solvent exposure of the respective residue: a fast decay corresponds to a solvent-exposed residue, whereas a slow decay points to a residue that is shielded from the solvent.^[@ref59]−[@ref61]^ We quantify the (time-dependent) inhomogeneity of the Val(1) resonance through the (inverse of the) slope of the nodal line. The time-dependence of this parameter is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} at temperatures above and below the transition temperature. We observe a very slow decay of the inverse nodal line slope at temperatures below the transition temperature, and, interestingly, this decay does not change significantly upon aggregation of the peptide (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} for the decay constants). As a reference experiment, we have repeated these spectral diffusion measurements for a molecule that has an amide group that is fully solvent exposed. For this purpose, we have chosen *N*-acetylated proline (AcPro) because its amide group has the same chemical environment as the amide group of the Val(1) residue in ELP90. As expected, we see that for AcPro, the inverse nodal line slope decays much faster than that for ELP90 ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). These spectral diffusion measurements indicate that the amide group of the Val(1) residue is shielded from the solvent both in the aggregated and in the nonaggregated state of the peptide.

![Inverse nodal line slope (INLS) of the Val(1) resonance of ELP90 above (red) and below (blue) the transition temperature. For comparison, the INLS of acetylated proline in D~2~O is shown in black.](jp-2018-05221b_0008){#fig7}

Effect of the Solvent Composition on the Structural Dynamics of ELP1 {#sec3.2}
--------------------------------------------------------------------

### Linear Infrared Spectra {#sec3.2.1}

To gain more insight into the origin of the inverse temperature transition of ELP90, we performed additional experiments on the simpler ELP1 peptide, which is composed of a single pentapeptide repeat unit. Because ELP1 does not display a coacervation transition as a function of temperature, we study its behavior following the addition of the amphiphilic cosolvent trifluoroethanol (TFE). TFE is generally known to induce secondary structure in peptides.^[@ref62]−[@ref64]^ In our experiments, the solvent composition was varied from 0 to 65 vol % TFE in D~2~O \[v/v %\]. The FTIR spectra of these solutions are displayed in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. We have used the same global fitting procedure as for ELP90 to decompose these spectra into Gaussian bands ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, top panel). The ELP1 amide I′ band can be excellently described using a linear combination of four Gaussians (centered around 1590, 1613, 1645, and 1675 cm^--1^). Three of the four bands have nearly identical center positions as those for ELP90. The fourth band at 1590 cm^--1^ is assigned to the vibration of a carboxylic acid group present because of the incomplete amidation of the C-terminus of the pentapeptide. The intensity of this band is very small and does not vary with solvent composition. The intensities of the 1645 and 1675 cm^--1^ bands show a sigmoidal profile as a function of the TFE concentration, with a maximum slope at a TFE volume fraction of 30%. This sigmoidal profile points at a relatively strong change in the hydrogen-bond configuration of the solvent interacting with the amide groups near a volume fraction of 30% TFE.

![(a) Linear infrared spectra of ELP1 (25 mg/mL) in TFE/D~2~O mixtures of varying composition. The top panel illustrates the decomposition of a typical spectrum (black squares) into four Gaussian bands (blue lines). The red solid line represents the sum of the four Gaussians. (b) Relative contributions of the three main bands to the amide I′ spectrum of ELP1 as a function of the solvent composition.](jp-2018-05221b_0003){#fig8}

### 2DIR Spectroscopy {#sec3.2.2}

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the 2DIR spectra of ELP1 for two solvent compositions. We observe two effects in these spectra that parallel the observations made for ELP90. First, the pronounced separation between the Val(1) band at the 1615 and 1650 cm^--1^ bands is clearly visible. Second, we observe energy transfer between these two bands, as well as a reshaping of the 1650 cm^--1^ band with increasing delay time.

![Isotropic 2DIR spectra of ELP1 (25 mg/mL) in TFE/D~2~O mixtures at different pump--probe delays and for two solvent compositions: 0% TFE (left) and 53% TFE (right). Negative absorption changes are depicted in red and positive absorption changes in blue. The contours are drawn equally spaced at 12.5% increments.](jp-2018-05221b_0007){#fig9}

### Relaxation and Exchange Dynamics {#sec3.2.3}

We use the same relaxation model as used in the above analysis of the ELP90 data to quantitatively describe the ELP1 data sets. The fitting results are summarized in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. Next, we consider the exchange dynamics and, interestingly, observe that the two exchange constants show a very different solvent dependence. Apparently, the exchange with the Val(1) band (characterized by the exchange constant *k*~*ba*~) is independent of the solvent composition. The other exchange process (i.e., the reshaping of the high-frequency band characterized by the constant *k*~*cb*~), on the other hand, slows down dramatically with increasing TFE concentration.

![(a) Fitting results of the relaxation model described in the text to the ELP1 data sets. The exchange constants *k*~*cb*~ and *k*~*ba*~ are plotted versus TFE volume fractions. (b) Decay rate of the spectral diffusion curves of the Val(1) resonance versus TFE volume fraction. The error bars represent the standard deviation of the mean of three measurements.](jp-2018-05221b_0006){#fig10}

### Spectral Diffusion of the Val(1) Resonance {#sec3.2.4}

In [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} we have plotted the inverse nodal line slope of the Val(1) resonance of ELP1 for the two limiting solvent compositions studied (0 and 60% TFE). As a reference, we also include the spectral diffusion dynamics of ELP90 (dashed black lined) and AcPro (solid black line). We see that for ELP1 in neat D~2~O, the spectral diffusion is much slower than in the case for AcPro (whose amide group is fully solvent exposed). Upon increasing the TFE concentration of the solvent, these dynamics slow down and approach the slow spectral diffusion dynamics we observed for ELP90. We have quantified these observations by fitting a monoexponential to the decay curves and plotted the resulting decay constants in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b.

![Inverse nodal line slope (INLS) of Val(1) at a low (blue) and a high (red) volume fraction of TFE. For comparison, the INLS of acetylated proline (30 mg/mL) in D~2~O (black, point dashed) and the INLS of ELP90 (20 mg/mL) in D~2~O (black, point dashed) are shown.](jp-2018-05221b_0011){#fig11}

Discussion {#sec4}
==========

We found that the linear amide I vibrational spectrum can be well modeled with three Gaussian bands centered at 1615, 1645, and 1675 cm^--1^, where we assigned the 1645 and 1675 cm^--1^ bands to the residues 2--5 of the pentapeptide repeat unit. In view of the correlation between the amide I′ frequency of the residue and the strength of its hydrogen bond,^[@ref36],[@ref65],[@ref66]^ the low-frequency sub-band at 1645 cm^--1^ is likely associated with strongly hydrogen-bonded residues, whereas the high-frequency sub-band at 1675 cm^--1^ is likely due to more weakly hydrogen-bonded residues. This interpretation is in line with the observation that the high-frequency sub-band gains intensity at the expense of the low-frequency sub-band when the temperature or the TFE volume fraction is increased.

The above interpretation is further confirmed by molecular dynamics simulations of the ELP1 peptide. We simulated this peptide in two conformations: an extended conformation and a folded conformation (which contains a hydrogen bond between the two valine residues). As shown in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, the general trends observed in the linear spectra of ELP1 are best reproduced by the folded conformation, suggesting that the peptide predominantly adopts a folded conformation. The calculated dependence of the frequency--frequency correlation function is also best explained with a folded conformation of ELP1 (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b05221/suppl_file/jp8b05221_si_001.pdf)). The dominance of a folded conformation for ELP1 is consistent with the findings obtained for a similar peptide studied in refs ([@ref32]) and ([@ref31]). The presence of a hydrogen bond between the two valine residues implies that the Val(1) amide vibration is coupled to the other amide vibrations of the pentapeptide repeat unit. This coupling does not lead to a strong mode mixing because of the large frequency difference between the tertiary amide vibration of Val(1) and the secondary amide vibrations of residues 2--5. As a result, the Val(1) amide vibration is a well-localized vibration, and the coupling only leads to energy exchange with the amide vibrations of residues 2--5.

![Linear infrared spectra calculated from the molecular dynamics simulations of the extended (left) and folded (right) ELP1 in water (blue) and a TFE/water (60:40 \[v/v\]) mixture (red). The corresponding molecular conformations are shown above the spectra.](jp-2018-05221b_0005){#fig12}

Next, we used the MD simulations to determine the number of hydrogen bonds that ELP1 forms with the solvent. These numbers are given in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The total number of peptide--solvent hydrogen bonds decreases by approximately 30% when the TFE volume fraction is increased from 0 to 60% (both for the extended and folded conformations). The observed spectral difference between the folded and extended structures containing one and zero internal hydrogen bond, respectively, is consistent with the observations in previous studies.^[@ref31],[@ref32]^ In these studies, it was found that an increase in the hydrophobicity of the amino acid at the valine position leads to enhanced folding of the protein.

###### Average Number of Hydrogen Bonds per ELP1 Molecule in the MD Simulations[a](#t2fn1){ref-type="table-fn"}

                               ELP1 conformation   
  ----------- ---------------- ------------------- --------------
  water       peptide--water   12.61 ± 1.77        10.86 ± 1.57
  TFE/water   peptide--water   3.88 ± 1.70         3.30 ± 1.52
              peptide--TFE     5.40 ± 2.14         4.31 ± 1.71

The errors give the standard deviation of the mean.

The ingrowth of the blue shoulder in the ELP1 spectrum with increasing TFE volume fraction can thus be attributed to a reduction in the number of hydrogen bonds formed by the peptide groups. Another effect that could contribute to the ingrowth of the blue sub-band is the weakening of the average hydrogen bond to water due to the truncation of the water hydrogen-bond network by TFE. The spectral similarities between ELP1 and ELP90 suggest that the molecular environment experienced by ELP90 in the coacervate is very similar to the environment created by the mixed TFE/D~2~O solvent. This means that the spectral changes observed upon the coacervation of ELP90 are very likely attributable to the dehydration of the peptide backbone.

Having assigned the Gaussian sub-bands that make up the linear spectra of ELP1 and ELP90, we next consider how to interpret the exchange dynamics observed between these bands. Exchange dynamics in the 2DIR spectra can have several origins, including vibrational energy transfer, hydrogen-bond dynamics, and conformational dynamics. From the molecular dynamics simulations, it follows that the reshaping of the ∼1650 cm^--1^ band and the dynamics of the cross-peak of the 1615 and 1650 cm^--1^ bands are due to vibrational energy exchange processes. The observed picosecond time scale of these dynamics agrees with the time scale of energy transfer among amide I vibrations found in previous studies.^[@ref67],[@ref68]^ The molecular dynamics simulations show that the conformational dynamics of ELP1 take place on much longer time scales. We find that the two peptides exhibit striking similarities in their vibrational energy transfer dynamics. For both ELP1 and ELP90, we observe vibrational energy transfer between the Val(1) residue and the remaining four residues inside the pentapeptide repeat. (Val(1)-exchange process), and energy transfer between residues 2--5 of the pentapeptide repeat (tetrapeptide-exchange process).

A first point to note is that the two vibrational energy transfer processes occur on the picosecond time scale (for both peptides and under all circumstances investigated). Vibrational energy transfer requires the presence of fluctuations of the coupling and/or the energy levels of the coupled modes to compensate for the energy mismatch between the modes.^[@ref69]−[@ref71]^ These fluctuations follow from the dynamics of coupled low-frequency modes of the peptide or the solvent. The occurrence of picosecond vibrational energy transfer points to a well-hydrated structure, as fluctuating hydrogen-bond interactions with mobile water molecules induce relatively large frequency modulations of the amide I vibrations. The low-frequency modes of the peptide itself usually induce much smaller frequency fluctuations of the amide I frequencies, thus making these modes less effective in compensating the energy mismatches. Applying this reasoning to ELP90 above the transition temperature, we reach the important conclusion that despite the desolvation described above, the ELP90 aggregates still contain mobile water molecules.

For ELP1, the tetrapeptide-exchange process slows down with increasing volume fraction of TFE. This slowdown is likely caused by the replacement of light and mobile water molecules in the hydration shell of ELP1 by the heavier and relatively immobile TFE molecules. TFE molecules are known to aggregate around peptides,^[@ref34],[@ref72]^ which implies that TFE is very effective at displacing water molecules. A final interesting observation is that for both ELP90 and ELP1, *k*~*cb*~ \> *k*~*ba*~. That is, vibrational energy transfer proceeds more slowly to and from the Val(1) residue than within the tetrapeptide unit. A likely explanation could be that for the Val(1) exchange process, the frequency mismatch is relatively large, i.e., larger than the typical magnitude of the frequency fluctuations. Given that for ELP1 the exchange constant *k*~*cb*~ is sensitive to the degree of hydration, it would be interesting to use the ELP1 data as a reference and to estimate the degree of desolvation that occurs during the aggregation of ELP90. This can be done as follows. For ELP90, the rate constant *k*~*cb*~ decreases by about 20% upon aggregation of the peptide ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). To achieve a similar decrease for ELP1, the volume fraction of TFE needs to be ∼25% ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). Because of the preferential aggregation of TFE, mentioned above, this actually corresponds to a much higher TFE concentration inside the solvation shell of ELP1. The degree of preferential aggregation of TFE around ELP1 (in its folded conformation) can be straightforwardly obtained from the MD simulations (where we assume a solvation shell of 0.6 nm^[@ref34]^). We find that (at a bulk TFE concentration of 25%) the concentration of TFE inside the solvation shell is 3.0 times higher than the bulk concentration, which is similar to previous findings for other peptides.^[@ref34]^ Using this result, we find that for an ELP1 solution in 25% TFE/D~2~O, the TFE volume fraction inside the solvation shell is as large as 75%. From this, we conclude that during the aggregation of ELP90, roughly 3 out of 4 water molecules are removed from its solvation shell.

We end the discussion of our results by turning to the spectral diffusion dynamics of the Val(1) residue, which are displayed in [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [11](#fig11){ref-type="fig"}. The decay of the inverse nodal line slopes shown in these figures directly reflects the degree of solvent exposure of the Val(1) residue. As can be seen from the black curves in [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [11](#fig11){ref-type="fig"}, a fully solvent-exposed residue, such as the amide group of AcPro, exhibits a complete decay of the nodal line slope on a ∼2 ps time scale. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows that the decay rate slows down with increasing concentration of TFE. When water is replaced for a mixture of TFE/water of 25:75, the decay rate of the INLS decreases by ∼20%, which is consistent with the observations for *k*~*cb*~.

For ELP90, we observe a much slower decay of the nodal line slope, which indicates that in this peptide, the Val(1) residue is shielded from the solvent. A likely explanation for this strong shielding is that the C=O group of the Val(1) residue may form an intrapeptide hydrogen bond with the NH group of the Val(4) residue. The presence of such a hydrogen bond is in line with the notion that the Pro-Gly sequence is often located inside a β-turn.^[@ref73],[@ref74]^ The experiments show that the spectral diffusion dynamics and thus the degree of solvent shielding are identical in the dissolved and aggregated state of ELP90. This implies that the β-turn is present in both states of ELP90, and, therefore, we conclude that the coacervation transition of elastin-like peptides is not actively driven by the formation of a β-turn, in contrast to previous suggestions.^[@ref75]−[@ref78]^ Instead, we speculate that the role of the β-turn may be more indirect: the β-turn may stabilize a conformation in which a large number of hydrophobic side chains are exposed, so that hydrophobic association can occur once the driving force (and therefore the temperature) is high enough.

Conclusions {#sec5}
===========

We used linear infrared spectroscopy, 2DIR spectroscopy, and MD simulations to study the structural dynamics of elastin-like peptides (ELPs). To gain insight into the coacervation transition displayed by this class of peptides, we performed experiments on two different ELPs. We studied a 90-repeat ELP (450 residues), for which coacervation can be induced by increasing the temperature above the transition point. We also performed reference measurements on a single-repeat ELP (5-residues). This ELP is too short to show a coacervation transition. For this peptide, we studied the effects of a change in the solvent composition (i.e., different volume fractions of TFE in water).

Our results show that for both peptides, the amide I′ spectrum can be well described with three Gaussian bands located at 1615, 1645, and 1675 cm^--1^. We assign the 1615 cm^--1^ band to the localized amide I′ resonance of the Val(1) residue. The 1645 and 1675 cm^--1^ bands are associated with the residues 2--5 in the pentapeptide repeat unit, where the low-frequency band is due to more strongly hydrogen-bonded residues and the high-frequency band is due to more weakly hydrogen-bonded residues.

From the 2DIR measurements, we have identified two vibrational energy transfer processes that take place between the three Gaussian bands. The first process corresponds to the vibrational energy transfer between the Val(1) residue and the residues 2--5 of the pentapeptide repeat. The second process corresponds to energy transfer among the residues 2--5 of the pentapeptide repeat. We find that the latter process slows down as the volume fraction of water decreases in the peptide solvation shell. From this we have estimated the degree of dehydration that occurs upon coacervation of the 90-repeat ELP, and we find that this dehydration corresponds to a loss of roughly three out of four water molecules in the hydration shell.

Finally, we studied the spectral-diffusion dynamics of the Val(1) residue. We find that these dynamics are very slow and indicative of an amide group that is shielded from the solvent. Surprisingly, for the 90-repeat ELP, these dynamics do not change with the aggregation state of the peptide. We conclude that the slow dynamics are likely due to the fact that the Val(1) residue forms an intrapeptide hydrogen bond with the Val(4) residue (β-turn), and that this hydrogen bond is present in both solvated and aggregated forms of ELP90. We thus speculate that the β-turn stabilizes a conformation in which a large number of hydrophobic side chains are exposed to water, with the result that hydrophobic association will occur once the driving force, i.e., the temperature, is sufficiently high. This mechanism likely explains the occurrence of coacervation for elastin-like peptides.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcb.8b05221](http://pubs.acs.org/doi/abs/10.1021/acs.jpcb.8b05221).Vibrational relaxation; simulated frequency--frequency correlation function ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b05221/suppl_file/jp8b05221_si_001.pdf))
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